Introduction
Attention-deficit/hyperactivity disorder (ADHD) is the most common psychiatric disorder in children, occurring in 8%-12% of the population. 1 It is heterogeneous in its clinical expression, with the core symptoms being poor sustained attention, impulsivity and hyperactivity. Criteria in the Diagnostic and statistical manual of mental disorders, fourth edition (DSM-IV), recognize 3 behavioural subtypes of ADHD: primarily inattentive, primarily hyperactive/impulsive and the combined subtype.
A large body of literature (for a review, see Diamond 2 ) suggests that the combined and inattentive subtypes are distinct disorders. Differentiating ADHD from attention-deficit disorder (ADD; inattentive, without hyperactivity), Diamond summarizes the differences between the 2. Whereas ADHD is associated with externalizing behaviours and good response to methylphenidate (MPH), ADD tends to be associated with internalizing behaviours and poor response to MPH. Comorbidity with conduct and oppositional defiant disorder is common in individuals with ADHD, whereas anxiety and depression are commonly present in those with ADD. Based on convergent evidence from neuropsychologic and imaging studies, Diamond suggests that distinct pathways may be involved in the 2 disorders. The primary deficit in individuals with ADHD appears to be response inhibition resulting from dysfuntion of the frontal-striatal circuits, whereas ADD likely results from deficits in working memory, with disturbance in the frontal-parietal neural circuits.
Attention-deficit/hyperactivity disorder is 3 to 4 times more common in boys than girls. 3, 4 Analysis on the nosological relations of the combined and inattentive subtypes has shown an important effect of sex. It has been noted that the relative risk for the 2 subtypes differs by sex, 4 with girls requiring a higher risk loading than boys for development of the combined subtype. 5 The sex ratio (female:male) is higher in the inattentive subtype than in the combined subtype, and the subtypes are more clearly distinguished in boys than girls. 6 It has been suggested that etiologic factors for the development of the particular subtype may be different in boys and girls with ADHD. 4, 7 It has been noted that girls with ADHD had higher familial psychopathology load than boys. 8 Attention-deficit/hyperactivity disorder has an important gen etic component, with a mean heritability estimate of 76%. 3 Yet no specific gene has been implicated beyond reasonable doubt, and it has been suggested that ADHD is caused by multiple genes, each having a small effect. 9 The catecholamines dopamine (DA) and norepinephrine (NE) have been considered to be major players in the pathophysiology of ADHD. Pharmacologic studies provided the initial clues that these neurotransmitters are involved in the disorder. 10 The psychostimulants MPH and amphetamine, which are widely used for the treatment of ADHD, block the DA and NE transporters, resulting in increased synaptic concentration of both these neurotransmitters. [11] [12] [13] Further, pharmacologic agents that are selective for NE have been found to be effective in treating ADHD. Among these are the α 2 -adrenergic agonists clonidine and guanfacine, the NE antidepressant desipramine and the selective NE reuptake blocker atomoxetine.
14 Neuroimaging 15 and animal studies 16 have provided further evidence for the role of DA and NE in ADHD. Given the compelling evidence, it has been suggested that dysregulation of the noradrenergic system may be an important factor in ADHD. 17, 18 Noradrenaline/norepinephrine is known to be involved in visual attention, initiation of the adaptive response, sustained attention, learning and memory. 19 Depletion of NE results in increased distractibility and motor hyperactivity in rodents. Conversely, studies in nonhuman primates have shown that stimulation of the NE system is associated with a decrease in distractibility and an improvement of cognitive function.
The norepinephrine transporter protein (NET) is a pivotal player in the noradrenergic system; it is involved in the reuptake of NE into presynaptic terminals, thereby playing a key role in controlling the intensity and duration of signal transduction. The NET is a transmembrane glycoprotein composed of 617 amino acids, and is a member of the sodium-and chloridedependent neuro transmitter transporter family. 20 It is encoded by NET1/ SLC6A2, which has been localized to position 16q12.2.
A number of family-based and case-control studies have been conducted to examine the association between specific polymorphisms within SLC6A2 and ADHD. Studies have been conducted with a limited number of single-nucleotide polymorphisms (SNPs) within SLC6A2, [21] [22] [23] [24] [25] including a functional SNP in the promoter region, [26] [27] [28] and arrays of tag SNPs covering the entire gene. [29] [30] [31] [32] [33] To summarize previous findings and a recent meta-analysis, 34 5 SNPs within SLC6A2 (rs3785157, rs998424, rs3785143, rs11568324, rs28386840) were shown to be associated with ADHD (details provided in Appendix 1, Table S1 and Fig. S1 , available at cma.ca/jpn). Whereas some studies reported or confirmed an association, others were unable to replicate the findings.
We conducted a family-based study to test the association between a panel of 30 tag SNPs within SLC6A2 and ADHD, with particular attention to subtype and sex. In addition to the DSM-IV diagnosis of ADHD, clinically relevant dimensions of behaviour (e.g., child's behaviour at home and in school) were used as quantitative phenotypes in the genetic analysis (the quantitative trait loci [QTL] approach). It has been suggested that this approach may be an important complement to the categorical diagnosis in molecular genetic studies. [35] [36] [37] To maintain consistency among studies, tag SNPs selected by the International Multi-centre ADHD Gene (IMAGE) project, excluding those with a minor allele frequency ≤ 0.02, were genotyped. 30 In addition, 2 tag SNPs (rs15534, rs7188230) were selected to extend the 3′ flanking region examined. The functional promoter SNP, rs28386840, was also included in the panel.
Methods

Participants
Children between 6 and 12 years of age with a diagnosis of ADHD were recruited from the Disruptive Behaviour Disorders Program and the child psychiatry outpatient clinics at the Douglas Mental Health University Institute in Montréal, Canada. They were referred to these specialized care facilities by schools, community social workers, family doctors and pediatricians. The research protocol was approved by the Research Ethics Board of the Douglas Mental Health University Institute. Participants' parents provided written consent after we explained the study protocol. Children (affected child and unaffected siblings) also consented to participate after we explained the study protocol.
Each child received a diagnosis of ADHD based on DSM-IV criteria. Details about diagnostic procedures have been described elsewhere. 38 Briefly, the diagnosis was based on clinical interviews with the child and at least 1 parent conducted by a child psychiatrist. The diagnosis was corroborated with the Diagnostic Interview Schedule for Children, version IV (DISC-IV), 39 based on the structured clinical interview of parents. The clinical examination was supplemented with school reports, including the Conners Global Index, Teacher version questionnaire. 40 In most cases, mothers were the primary informants. A child was excluded from the study if he/she had an IQ less than 70, as measured with the Wechsler Intelligence Scale for Children III/IV, and/or a diagnosis of Tourette syndrome, pervasive developmental disorder and psychosis (including schizophrenia or bipolar disorder). Children with comorbid learning disabilities were included in the study.
Clinical measures
In addition to the DSM-IV diagnosis of ADHD, the behaviour of the child was used as a quantitative trait in the genetic analysis. The behaviour of the child at home and in the classroom was evaluated by the parent(s) and teacher according to the Conners Global Index -Parents (CGI-P) and Conners Global Index -Teachers (CGI-T), respectively. 40, 41 In addition, the parents were asked to evaluate the behaviour of the child using the Child Behavior Checklist (CBCL). 42 These evaluations represent ecologically relevant dimensions of the child's behaviour at home (CGI-P and CBCL) and in school (CGI-T). The CGI scale has also been validated from a genetic point of view, with research showing that genetic factors account for 78% of its variance. 43 The CBCL is a comprehensive rating scale (113-item questionnaire) that has been used extensively in clinical and research settings, having well-established metric characteristics and representative norms.
Information from both the important stakeholders (parents and teachers) was used to ensure a comprehensive assessment of the child's behaviour. A large body of research has concluded that there is a low to moderate correlation between parent and teacher reports of ADHD symptoms, suggesting that each is an assessment of a different dimension of the child's behaviour.
37,44,45
Genotyping
The affected child, parents and unaffected siblings were invited to participate in the genetic component of the study. For each parent and child, DNA was extracted from a blood sample, a buccal swab or saliva sample if the participant was only amenable to the latter.
The tag SNPs within NET that had previously been examined in the IMAGE project were genotyped. 30 However, tag SNPs with a very low minor allele frequency (MAF; ≤ 0.02) were excluded. The only tag SNP with a low MAF to be retained was rs11568324 (MAF = 0.01), since this SNP was shown to be associated with ADHD in the original IMAGE study 30 and in a subsequent replication study. 31 An additional SNP (rs28386840), which encodes a functional polymorphism in the upstream promoter region of NET and was reported to be associated with ADHD, 26 was also included in the panel. We also selected 2 tag SNPs that were not genotyped in the IMAGE study. These 2 tag SNPs (rs15534, present in exon 14, and rs7188230, present in the 3′ intergenic region) extended the flanking region examined in NET compared with the IMAGE study.
The panel of SNPs was genotyped using Sequenom iPlex Gold Technology. 46 Every plate included duplicates of 2 reference samples used to estimate genotyping error. Genotypes for these samples were read with 100% accuracy on each of the plates. Five tag SNPs in the original panel of SNPs genotyped in the IMAGE study (rs7201099, rs3760019, rs1362620, rs1861647, rs1566652) could not be genotyped on the Sequenom platform. Since these SNPs were in strong linkage disequilibrium with other SNPs in the panel and were not shown to be specifically associated in any of the previous studies, they were excluded from subsequent analysis. The genotype distribution at each of the markers analyzed in this study did not depart from Hardy-Weinberg equilibrium (p > 0.01; Appendix 1, Table S2 ). A linkage disequilibrium plot was constructed in Haploview version 4.0 using the genotype information from the current study. 47 We used the default definition in Haploview 48 to generate the plot. In this method, 95% confidence bounds on D' are generated for each pairwise comparison. An SNP block is formed if 95% of the informative comparisons are in strong linkage disequilibrium with each other.
Statistical analyses
Family-based association tests (examining transmission disequilibrium of a specific allele/haplotype from parent to affected offspring) were conducted using the FBAT statistical software package (version 2.0.3). 49 We performed all the analyses under the assumption of an additive model, with a null hypothesis of no linkage and no association. At the first level, family-based association test analysis was conducted with the total sample. However, given the results of earlier studies indicating that sex and ADHD subtype may be important confounds, further analysis was conducted in boys and girls separately, with subtype as the grouping variable.
Given the large number of markers and phenotypes being tested in the different subgroups, the association tests were subsequently conducted using PBAT software. By screening based on conditional power, PBAT allows for the control of type-I error, thereby helping to overcome the multiple comparison problem. 50 We set the screening parameters as follows: the FBAT-GEE statistic (based on the generalized estimation equation) was selected, significance level was set at p = 0.05, and offset was selected to maximize power. We performed sliding window analysis to test the association with haplotype blocks. Serial analysis was conducted with a window size of 2 SNPs, then 3, 4, 5, 6, 7 and 8 (the maximum window size allowed in PBAT). Only haplotypes defined by adjacent markers were analyzed. For the analysis, the combined and hyperactive groups were analyzed as 1 group in contrast to the inattentive subtype.
Results
The study included 380 nuclear families having at leastmean age of participants was 9 (standard deviation [SD] 1.8) years. Of the total number of affected children, 78.3% were boys and 85.5% were of white; 53.2% met DSM-IV criteria for the combined subtype, whereas 36.7% and 10.1% met the criteria for the inattentive and hyperactive subtypes, respectively. Among those with comorbid disorders, 40.4% had oppositional defiant disorder, 21.7% had conduct disorder, 44.1% had anxiety disorder (including phobias) and 8.3% had a mood disorder (major depressive episode, dysthymic disorder, manic episode and/or hypomanic episode). The mean (and SD) CBCL, CGI-P and CGI-T total scores were 68.8 (8.9), 73.3 (11.2) and 69.6 (12.5), respectively.
At the first level of analysis, the association between each of the 30 tag SNPs within SLC6A2 and ADHD as a diagnostic category was tested in the total sample using family-based association tests ( Table 1) . Two of the SNPs (rs3785143 and rs36021) showed a significant association with ADHD. The significant results of the sliding haplotype analysis are summarized in Tables 2 and 3 and depicted in Figure 1 . We observed that different domains of SLC6A2 showed an association with different ADHD subtypes in boys and girls. In girls, a significant association with haplotype block 1, and a lack of association with blocks 2 and 3, was observed. The haplotype block at the 5′ end of the gene showed an association with different dimensions of ADHD in girls. In girls with the combined/ hyperactive subtype, M03-14 showed an association with the CGI-T score. In this group, the A :G :T :T :C :G :G :A :C :C :C haplotype was undertransmitted in children with higher CGI-T scores, conferring a "protective" effect. In girls with the inattentive subtype, an overlapping region from M01-07 showed an association with the total score on the CBCL and with the CBCL-internalizing factor (if the power criteria was relaxed to ≥ 0.7). The A:T:A:G:T:T:C haplotype was undertransmitted in children with higher CBCL-total and CBCL-internalizing scores. Further, in this group of children, a different haplotype (A:A:T:T) of the region encompassing M09-M10-M11-M12 was overtransmitted in girls with higher scores on the CBCL-thought disorder subscale. This suggests that the A:A:T:T haplotype is a "risk" haplotype for this dimension of behaviour in girls.
In boys, the region showing association with ADHD and the behavioural phenotypes was more extensive. However, a lack of association with the extreme 5′ and 3′ ends of the gene was noted. A greater heterogeneity was also observed in the Sengupta et al.
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J Psychiatry Neurosci 2012;37(2) In boys with the inattentive subtype, 2 distinct haplotypes appeared to have 2 different effects. The haplotype T:C:A:C:G:C:C:G for block M12-M13-M14-M15-M16-M17-M18-M19 showed an overall undertransmission in boys with ADHD. Further, we noted that a subset of this haplotype block (M16-M17-M18-M19) showed an association with aggressive behaviour, with the G:C:C:G haplotype being under transmitted, conferring a protective effect in this subgroup. In a partially overlapping block (M18-M19-M20-M21), a different haplotype (A:A:T:C) showed an undertransmission with inattention, and M20-M27 (T:C:C:G:C:C:G:T) was undertransmitted in children with higher CGI-T scores.
Discussion
Research on the genetics of ADHD, as with most psychiatric disorders, has been plagued by the lack of replication among studies. The same picture has emerged with SLC6A2 and ADHD. Five SNPs within SLC6A2 (rs3785157, rs998424, rs3785143, rs11568324, rs28386840) have shown an association with ADHD, though some studies have failed to replicate the findings. In the present study, a significant association was observed with rs3785143 (M07; p = 0.024), and a trend was observed with rs998424 (M25; p = 0.08). However, rs36017 (proxy marker in strong linkage disequilibrium with rs3785157, pairwise D' = 1), rs11568324 and rs28386840 did not show a significant association. In addition, a novel SNP (rs36021) within Intron3 showed a significant association with ADHD (p = 0.008). Detailed haplotype analysis of SLC6A2 was conducted J Psychiatry Neurosci 2012;37(2) with different quantitative dimensions of ADHD, while controlling for sex and subtype. Screening based on conditional power was implemented in PBAT software; only results meeting the dual criteria of low p value (p < 0.05) when the test had sufficient power (power > 0.8) were considered significant. We observed a complex picture of association results, with different regions of the gene important in boys and girls with the different subtypes (Fig. 1) . We observed extensive association between haplotype blocks within SLC6A2 and clinical dimensions of ADHD. This is in stark contrast to all earlier reports, as well as results in the present study when testing individual SNPs (even if they were tag SNPs) for association with the disorder as a diagnostic entity defined by DSM-IV criteria. Most of this analysis has reported the association with only a limited number of SNPs, even when a large array of tag SNPs was tested, as in the IMAGE study. 30 The results obtained in this family-based study strongly suggest that polymorphisms within different regions of SLC6A2 show differential association with ADHD. For example, in girls, a significant association with haplotype block 1, and a lack of association with blocks 2 and 3 was observed. In boys, most of the association was observed in haplotype block 2 and the region between blocks 2 and 3, with no association observed at the 5′ end of the gene. Further, different haplotypes showed a significant association with different dimensions of the disorder (Fig. 1) . These results provide a map to help navigate through previous findings.
The association with rs3785143 has been reported in several studies and was noted in the present study. On close perusal, it is noted that rs3785173 was associated with aggressive behaviour in boys with the combined/hyperactive subtype. However, in girls it was associated with CGI-T scores, CBCL-internalizing scores and CBCL-total scores. If a pooled sample is examined, where reports on these different dimensions are pooled together, a significant result might be expected. Conversely, if different haplotypes are associated with opposing dimensions of ADHD, as in boys with the inattentive versus the combined/hyperactive subtypes, the effect might be missed when the samples are pooled together. This result is also consistent with that in a previous report showing a stronger effect of rs3785143 in girls compared with boys (odds ratio 2.11, p = 0.006 v. p = 0.37). 29 In the present study, this SNP (and in fact the region encapsulated by haplotype block 1) showed an association in girls with all subtypes. However, in boys, the associ ation with rs3785143 was limited.
These results are consistent with the large body of literature suggesting that the combined and inattentive ADHD subtypes are distinct disorders with different etiologies. 2 Results of latent class analyses has suggested that there are shared as well as unique factors (including genetic determin ants) that contribute to these 2 subtypes. 51 We had reported earlier that a differential association with serotonin transporter-linked polymorphic region based on ADHD subtype was observed in this sample of children with ADHD. 52 The frequency of the LL genotype in the inattentive group was lower than in the combined/ hyperactive group. However, no differences were noted in the allele frequency of the DAT 3′UTR-VNTR and DRD4 variable number tandem repeat in the different subtypes. Further analysis on the nosologic relations of the combined and inattentive subtypes has shown an important effect of sex. The results of the present study examining polymorphisms and haplotype blocks within SLC6A2 support this hypothesis, with distinct regions implicated in boys compared with girls.
Finally, we attempt to explain how the polymorphisms in these chromosomal regions may translate into a different function of the protein, with an effect on brain function. Twenty SNPs have been identified in SLC6A2 that result in amino acid substitution (Appendix 1, Table S3 and Fig. S2 ). Some of these functional SNPs have been genotyped in earlier studies as well as the present study. However, most of these SNPs have a very low heterozygosity and corresponding minor allele frequency, making them relatively noninformative in family-based studies. The alternative approach has therefore been employed where SNPs (having a higher heterozygosity) in high linkage disequilibrium with the functional SNP are tested for association with ADHD. The region encapsulating intron 1, in combination with the promoter region, is responsible for high-level transcription of NET. 53 Within the gene, the polymorphisms result in changes in activity of the enzyme. With girls, most of the association observed is in the upstream region of the gene, including the upstream promoter, whereas in boys the association is distributed throughout the gene, which likely translates to changes in the structure/function of the protein. However, this analysis is purely speculative, and further molecular and genetic association studies are required before firm conclusions can be reached.
Limitations
The most important limitation of the study is the small size of the groups given the stratification based on sex and subtype. In addition, a relaxed criterion of p = 0.05 was set for significance. If a more stringent criteria of p ≤ 0.01 is set, with power > 0.8, none of the reported results would remain significant. These results must therefore be considered exploratory and may help to inform related studies of children with ADHD. Finally, a word of caution is called for, given the instability of ADHD subtypes. A longitudinal, follow-up study noted that a significant proportion (about 50%) of children with diagnoses of the inattentive subtype of ADHD in preschool years, met criteria for other ADHD subtypes at least twice during 6 follow-up assessments. 54 Given these limitations, the value of this study is that it provides insight into the complex heterogeneity of the disorder, which translates into a complex association between genotype and phenotype. However, the results need to be confirmed in a larger group before firm conclusions can be reached.
Conclusion
The results obtained in this family-based study suggest that haplotype blocks within different regions of SLC6A2 show differential association with ADHD based on sex and subtype. These associations may have been masked in previous studies when tests were conducted with pooled samples.
